α-Synuclein (α-Syn) is a 140 amino acid soluble protein, which is abundantly expressed in brain[@b1]. Although α-Syn is present in almost all the sub cellular pools of neurons, it is mostly localized in the presynaptic terminals and nucleus[@b2][@b3]. The exact physiological function of α-Syn is not clearly understood, however, several studies have shown the involvement of α-Syn in regulation of presynaptic vesicle pool, neurotransmitter release, synaptic function as well as neuronal plasticity[@b4][@b5]. In contrast, α-Syn has been shown to play a central role in the pathogenesis of Parkinson\'s disease (PD), a very common neurodegenerative disorder in aged humans[@b6]. Aggregated α-Syn is the major component of the Lewy bodies (LBs) and Lewy neurites (LNs) in the brain of patients -- the major pathological hallmarks of PD[@b7]. The discovery of several autosomal dominant missense mutations as well as duplication and triplication of gene encoding α-Syn are associated with rare familial forms of PD, further supporting that α-Syn aggregation is linked to PD pathogenesis[@b8][@b9][@b10][@b11][@b12][@b13][@b14][@b15][@b16]. Further, overexpression of human α-Syn and its familial PD associated mutants in neuronal cells as well as in various animal models results in toxicity and recapitulation of many symptoms of PD[@b17][@b18].

Several *in vitro* studies have revealed that α-Syn is natively unfolded protein under physiological conditions and can self-assemble into highly ordered amyloid fibrils upon incubation for a longer time[@b19]. The primary sequence of α-Syn helps it to adopt many distinct local or global conformations. The N-terminus (1--60 residues) of α-Syn has seven imperfect repeats (with conserved KTKEGV motif) characteristic of an amphipathic helix of apolipoproteins[@b1][@b20]. The middle hydrophobic region of α-Syn (61--95 residues) has a high propensity for β-sheet rich secondary structure and known to drive the amyloid formation by the protein[@b20][@b21]. The negatively charged C-terminus (96--140 residues) has no secondary structure preference and is highly disordered and shown to regulate the oligomerization and aggregation of α-Syn[@b22].

α-Syn at the presynaptic terminals has shown to be associated with the synaptic vesicles and this vesicle association is important for its vesicular transport from cell body to synaptic terminals[@b23]. It was suggested that alteration in the vesicle/membrane binding ability of α-Syn might result in pathogenesis. However, there are reports, which also suggest that aggregation ability of α-Syn in the vicinity of membranes is a major contributing factor for compromised membrane integrity associated with α-Syn pathogenesis. For example, it has been recently shown that despite retaining the membrane binding affinity, an aggregation-defective α-Syn mutant was unable to initiate damage in supported lipid bilayers[@b24]. However, amyloid-mediated membrane disruption is a complex phenomenon and this multistep cascade can be modulated by several factors, including peptide topology in the membrane, presence of cationic switches and degree of curvatures in membrane[@b25][@b26][@b27][@b28]. *In vitro* studies also suggest that α-Syn binds strongly to negatively charged membrane vesicles mostly through N-terminal \~1--100 residues and adopt α-helical structure[@b22]. It has been also found that N-terminus is not only important for monomer-membrane interaction, however, also crucial for oligomer-membrane interactions[@b29]. Aggregation studies of α-Syn in presence of membranes/lipids have suggested that moderate membrane binding of α-Syn facilitates its aggregation. Along with this observation, the partial helix promotion by 2, 2, 2-trifluoroethanol (moderate concentration (v/v)) and sodium dodecyl sulphate (SDS) also accelerates the amyloid formation of α-Syn[@b30][@b31]. The membrane-mimicking detergent micelles has been used to characterize the three-dimensional NMR structure of a stable helical intermediate of IAPP, involved in type II diabetes[@b32]. Moreover, using SDS as a model solvent it also has been demonstrated that α-Syn folding involves multistates and in this lipid mimetic environment (SDS) it adopts a partially folded thermodynamic intermediate with helix-rich conformation[@b33]. However, amyloid aggregation process in solution and on membrane is quite different and might involve different partially folded intermediates[@b34][@b35]. Therefore, elucidating the three -dimensional structures of these oligomeric species and their membrane/ligand interaction could be helpful for potential therapeutics against neurodegenerative disorders[@b36][@b37][@b38][@b39].

Previously it was shown that one of the intermediates α-Syn aggregation possesses α-helical conformation[@b40] raising the possibility that α-Syn aggregation may involve helix-rich intermediate. The helical intermediates also shown to appear during the aggregation of the Aβ protein[@b41] associated with Alzheimer\'s disease and IAPP aggregation in type II diabetes (both in presence and absence of glycosaminoglycan)[@b42][@b43][@b44][@b45]. Recently, it is reported that (IAPP) forms soluble helix-rich oligomers that induce apoptosis in cultured pancreatic cells[@b44]. Based on these findings, it was suggested that natively unstructured protein/peptides might form toxic helical intermediate during their amyloid fibril assembly[@b41][@b42][@b46][@b47][@b48][@b49][@b50], which could be targeted for the drug development against these amyloid diseases[@b51].

To study the structural and morphological transformation by α-Syn during entire pathway of its aggregation, we monitored *in vitro* α-Syn aggregation by time-dependent CD spectroscopy (for structural transition) along with ThT fluorescence (monitoring amyloid kinetics) and morphological transformation by AFM. We also included familial PD associated mutants of α-Syn (A30P, E46K and A53T), a designed mutant E57K as well as other members of synuclein family (β- and γ-synuclein) in our aggregation studies. We showed that all aggregating synuclein formed oligomeric helix-rich state at the beginning of elongation phase before converting to the β-sheet rich matured fibrils. This helix-rich state is the heterogeneous mixture of various α-Syn species including helical oligomers, β-sheet rich fibrils and soluble unstructured α-Syn. The helix-rich states are more cytotoxic compared to higher order mature fibrils and alone can convert to β-sheet rich fibrils. The multidimensional NMR study using helix-rich intermediate revealed the involvement of N-terminal and central hydrophobic segment for helical intermediate formation. The helix-rich oligomeric state also catalyzes the aggregation and amyloid formation of soluble α-Syn, suggesting seeding capacity of this intermediate similar to amyloid fibrils. Our data therefore showed the complex aggregation mechanism with existence of novel intermediate in the aggregation pathway of α-Syn, which might have significant value for drug design against PD.

Results
=======

Observation of α-helix-rich intermediates during synuclein aggregation
----------------------------------------------------------------------

α-Syn aggregation is observed to follow classical nucleation-dependent polymerization[@b52] when its aggregation kinetics is measured by ThT (thioflavin-T) binding assay. ThT is a widely used fluorescent dye that produces strong fluorescence at 480 nm upon binding to amyloid fibrils when excited at 450 nm[@b53], but does not bind to monomeric protein. α-Syn aggregation process exhibits three distinct phases with a lag phase, a subsequent rapid growth phase (elongation phase), followed by a stationary phase. In order to structurally characterize the pathway of α-Syn aggregation, CD (circular dichroism) and ThT binding was performed simultaneously during aggregation for nine different synucleins including WT (wild-type) and three familial disease-associated mutants (A30P, A53T and E46K) as listed in [Supplementary Figure 1](#s1){ref-type="supplementary-material"}. For this study, 300 μM low molecular weight (LMW)[@b54] form of all proteins were incubated at 37°C for monitoring the aggregation kinetics. Previous studies have shown that this LMW preparation mostly contains monomers along with some amount of low-order multimers of α-Syn[@b54][@b55]. The buffer conditions were 20 mM Gly-NaOH, pH 7.4, 0.01% sodium azide. Following [Figure 1A](#f1){ref-type="fig"}, the ThT binding data show insignificant ThT fluorescence immediately after preparation, and during the initial period of incubation, suggesting the lack of β-sheet rich structures during the lag phase. After the lag phase, time-dependent increase in the ThT fluorescence intensity (elongation or growth phase) was observed for all synucleins (except for β-Syn) till they reach the saturation level, i.e. the stationary phase. From these sigmoidal curves, the lag times were calculated ([Figure 1B](#f1){ref-type="fig"}) using a previously published method[@b56]. This analysis showed that the lag time of \[30--110\]α-Syn and mouse-synuclein was significantly shorter (10--12 hr) than WT (\~55 hr). Compared to WT, the two disease variants A53T (lag time \~40 hr) and E46K (lag time \~30 hr) also aggregated faster. We also included the cytotoxic oligomer-prone E57K variant[@b54], which also showed shorter lag time (\~35 hr) compared to WT α-Syn under the conditions studied. In contrast, the A30P mutant showed slower aggregation kinetics (lag time \~210 hr) compared to WT ([Figure 1A--1B](#f1){ref-type="fig"}). The kinetics of aggregation by γ-Syn was significantly slower (lag time \~270 hr, [Figure 1B](#f1){ref-type="fig"}) than the other synuclein variants under study and β-Syn showed lack of fibrillation as evident from ThT binding studies ([Fig. 1A](#f1){ref-type="fig"})[@b19]. The accompanied CD data ([Figure 1C](#f1){ref-type="fig"} and [Supplementary Figure 2](#s1){ref-type="supplementary-material"}) suggest that at the beginning of the aggregation kinetics all synuclein variants were mostly in random coil (RC) conformation. Continuous monitoring of the CD spectra revealed that major conformational changes occurred for all these proteins (except β-Syn). β-Syn remained in mostly random coil conformation even after 500 hr of incubation with a minor conformational change. All these proteins showed aggregation process via α-helix-rich conformation (exemplified with two distinct minima: one at \~205--208 nm and the other at \~222 nm) before converting into a β-sheet-rich structure with single minima at \~218--220 nm. A53T and E46K, which are faster aggregating variants ([Figure 1A](#f1){ref-type="fig"}), showed the appearance of a helix-rich intermediate at 35 hr and 30 hr, respectively, while for WT it was \~45 hr ([Figure 1C](#f1){ref-type="fig"} and [Supplementary Figure 2](#s1){ref-type="supplementary-material"}). The slow aggregation variant A30P showed a delayed appearance of the helical intermediate (\~210 hr) ([Figure 1C](#f1){ref-type="fig"}). The appearance of helical intermediate for mouse synuclein was very fast (\~15 hr) compared to WT; whereas for γ-Syn it was very slow (\~270 hr). The CD study of the α-Syn fibril core (\[30--110\]α-Syn) showed appearance of this intermediate at 12 hr ([Figure 1C](#f1){ref-type="fig"} and [Supplementary Figure 2](#s1){ref-type="supplementary-material"}). Interestingly, the simultaneous measurement of CD and ThT data showed that the helix-rich intermediate appeared during the fibrils growth for all the synucleins aggregation (except β-Syn) ([Supplementary Figure 3](#s1){ref-type="supplementary-material"}). Further the conformational transition from RC to β-sheet structure of fibril does not possess a single dichroic point suggesting that the conformation transition for β-sheet rich fibril formation by α-Syn is not a simple two state process.

It is worth mentioning here that the helix-rich state also appeared when the aggregation kinetics of α-Syn was performed in PBS, pH 7.4. However, in PBS, set-to-set variation for the appearance of helix-rich intermediate was observed ([Supplementary Figure 4](#s1){ref-type="supplementary-material"}). Moreover, the duration of helix-rich intermediate was also not consistent across the different sets. Further, the duration of helical intermediate in Gly-NaOH buffer was longer compared to PBS, which allowed us to capture and characterize the helical intermediate in more details.

The deconvolution of the CD spectra of all synuclein variants using CDPro software[@b57][@b58] was consistent with the qualitative visual observation of helical intermediates in synuclein aggregation. The deconvolution of the CD spectra of initial LMW synuclein showed mostly a RC structure (\>70%) with insignificant amounts of other secondary structures ([Table 1 of the Supplementary Information](#s1){ref-type="supplementary-material"}, [Supplementary Figure 5](#s1){ref-type="supplementary-material"}) for all the variants under study. In contrast, the deconvolution of spectra possessing the highest helix-rich conformation showed \~38% of helix, \~25% RC and \~15--20% β-sheet for most of the proteins ([Supplementary Figure 5](#s1){ref-type="supplementary-material"}). Only \[30--110\]α-Syn showed a smaller content of helix (\~21%) in the helix-rich intermediate state. After conversion to β-sheet, the deconvolution of the CD spectra showed \~5% helical content, \~39% β-sheet, and 30% RC content for most of the proteins with a high β-sheet content as expected ([Supplementary Figure 5](#s1){ref-type="supplementary-material"}). Further the deconvolution of CD spectra during different time points of aggregation suggests a gradual increase in α-helix content, which reaches maxima consistent with the visual observation. After this point, α-helix content decrease drastically due to the formation of β-sheet rich fibrils ([Supplementary Figure 6](#s1){ref-type="supplementary-material"}).

To study the morphology of the aggregates at the end of the assembly reaction, electron microscopy was performed ([Figure 2](#f2){ref-type="fig"}). All synucleins formed amyloid-like fibrils that typically displayed a helical ultra-structure and varying degrees of lateral association except β-Syn. β-Syn formed small, low order globular oligomers. Close inspection of the fibrils suggested that fibrils were largely composed of multiple individual filaments (diameter \~3--4 nm), resulting in overall diameters ranging from 15 to 25 nm.

Collectively, the ThT fluorescence and CD data measured during the entire period of synuclein aggregation suggest that in the lag phase, all the synucleins displayed mostly a random coil-like structure, that the helix-rich conformations appeared at the onset of fibril growth and persisted till the mid-elongation phases of the aggregation kinetics followed by a β-sheet conformation at the end ([Figure 1](#f1){ref-type="fig"} and [Supplementary Figure 2--3](#s1){ref-type="supplementary-material"}).

In this context, it is important to mention that helix initiation in conformational transition during α-Syn aggregation is defined based on the first observation of two minima in CD spectra; one at \~205--208 nm and another at \~222 nm. Duration of helix is defined by the time between the helix initiation and final helix observed (before the first β-sheet appearance with CD spectra of single minima at \~218--220 nm). However, the onset of helix conformation and duration of helix is solely determined by visual inspection and are qualitative. Since we performed CD spectroscopy at regular time intervals (not in a continuous manner) the actual time for these conformational transitions might vary from the visual observation.

Duration of helix-rich intermediates is dependent on the aggregation propensity of α-Syn
----------------------------------------------------------------------------------------

The correlation plot ([Figure 3A](#f3){ref-type="fig"}) of lag time (extracted from ThT binding data) versus duration of helical intermediates (observed by CD) of the various synucleins suggest that synucleins with shorter lag time showed a shorter duration of helical intermediates compared to synucleins with a longer lag time. [Supplementary Figure 7A and 7B](#s1){ref-type="supplementary-material"} also showed the linear correlation between lag time and appearance of helix/saturation time of the individual mutants. To rule out the possibility that the duration of helical intermediates is not specific to individual synuclein variants, but rather depend on the relative tendency of aggregation, the aggregation of WT α-Syn was studied with two other different concentrations (600 μM and 1 mM) in 20 mM Gly-NaOH buffer, pH 7.4, 0.01% sodium azide. The aggregation kinetics was studied simultaneously by ThT binding ([Fig. 3B](#f3){ref-type="fig"}) and CD ([Supplementary Figure 8](#s1){ref-type="supplementary-material"}) spectroscopy. The lag time for 1 mM, 600 μM and 300 μM of α-Syn were of \~8 hr, \~21 hr and \~55 hr, respectively ([Figure 3B--3C](#f3){ref-type="fig"}). Moreover, for all these cases, the helical intermediates appeared at the beginning of the elongation phase ([Figure 3B](#f3){ref-type="fig"}). The correlation plot of the lag time versus duration of helix appearance ([Figure 3C](#f3){ref-type="fig"}) also suggest that under slow aggregation conditions (i.e. 300 μM concentration), α-Syn shows the longest period of helical intermediate, which shortens upon increase in protein concentration. The data indicates that under faster aggregating conditions, both RC → helix and helix → β-sheet transitions are faster resulting in a short duration of helical intermediate appearance.

Helix-rich intermediate of α-Syn identified by FTIR
---------------------------------------------------

To further confirm that the aggregation of α-Syn involves a helix-rich intermediate formation, WT α-Syn aggregation was monitored by FTIR and CD spectroscopy. The LMW α-Syn at a concentration of 300 μM was incubated at 37°C with slight agitation (\~50 r.p.m). Simultaneously, FTIR and CD spectroscopy was performed at regular intervals. The FTIR spectra in the range of 1600 cm^−1^ to 1700 cm^−1^ (amide-I band) were analyzed to determine the protein secondary structure[@b59]. After immediate dissolution and preparation (time point 0), FTIR spectra of soluble α-Syn showed a major absorbance peak at 1649 cm^−1^, indicating the presence of mostly random coil-like structure. The deconvolution of FTIR spectra at this point showed \~87% of random coil structure, consistent with CD spectra (88% random coil by CD deconvolution using CDPro software[@b57] ([Figure 4](#f4){ref-type="fig"}). With the progression of time when the incubated solution showed helical conformation in CD, FTIR spectra were measured. At 60 h, the intensity of the absorbance peak at 1649 cm^−1^ decreased and showed several other FTIR absorption peaks with a major absorption peak appeared at 1656 cm^−1^ indicating the formation of a helix-rich intermediate. This absorption peak at 1656 cm^−1^ was most prominent at 70 h. The deconvolution of FTIR spectra at 60 h and 70 h showed \~28% and 50% helicity, respectively. The deconvolution of CD spectra by CDpro[@b57] showed 18% and 32% helix at 60 h and 70 h, respectively. On further incubation, another major peak appeared at 1630 cm^−1^ (as shown for 80 h) and intensity of the peak at 1656 and 1630 cm^−1^ became almost equal suggesting a significant population of both helix-rich intermediate and β-sheet-rich structure in the mixture (\~39% helix and \~34% β-sheet content). The deconvolution of corresponding CD spectra at 80 h also revealed almost equal amount of helix (\~28.6%) and β-sheet (\~25.3%) content. The subsequent incubation at time point 95 h, for which the CD spectra of the solution predominately showed β-sheet secondary structure ([Fig 4](#f4){ref-type="fig"})), the FTIR study of the solution showed major absorption peaks at 1635 cm^−1^ corresponding to β-sheet-rich amyloid fibrils (\~62% β-sheet content). Therefore, the FTIR data confirmed the findings of the CD data thereby strengthening the notion that a helix-rich intermediate is formed during α-Syn fibrillation.

Temporal change in secondary structure and morphology during α-Syn aggregation
------------------------------------------------------------------------------

To study and correlate the temporal changes in secondary structure with morphology during α-Syn aggregation, AFM and CD were performed simultaneously at regular intervals during WT α-Syn aggregation in 20 mM Gly-NaOH buffer, pH 7.4, 0.01% sodium azide at 37 °C. In line with other experiments discussed, immediately after preparation, WT α-Syn was unstructured based on CD analysis, and the AFM showed mostly low order oligomers/amorphous structure at 0 hr ([Figure 5](#f5){ref-type="fig"}). With the progression of the assembly, WT α-Syn showed gradual transformation into more ordered structure as θ~222~ became more negative during aggregation. Similarly, AFM showed a gradual increase in oligomers size during incubation. At 48 hr, WT α-Syn transformed into a partial helix-rich structure with two distinct minima at \~205 and \~222 nm, respectively, with small and twisted protofibrils observed in AFM. The continuous CD studies further revealed a gradual increase in the helical content in the CD spectra of α-Syn. At the time of maximal population of the helix-rich intermediate (at 75--85 hr), α-Syn exhibited a heterogeneous mixture of oligomers, protofibrils and short filaments in the AFM measurements ([Figure 5](#f5){ref-type="fig"}). The average heights of oligomers were of 5--8 nm. At the end of the assembly reaction, α-Syn converted to mature and thick β-sheet-rich amyloid fibrils (15--30 nm in height) as expected ([Figure 5](#f5){ref-type="fig"}).

Sequence segments of α-Syn critical for the formation of helical intermediates
------------------------------------------------------------------------------

To understand the involvement of the N-terminal, C-terminal and the NAC regions in the helical intermediate formation and subsequent β-sheet formation, three Trp substituted WT α-Syn (V^3^W, V^71^W and A^140^W) were studied. Similar to WT α-Syn, the Trp substituted proteins also showed RC → helix → β-sheet structural transition and formed amyloid fibrils ([Supplementary Figure 9A--B](#s1){ref-type="supplementary-material"}). We determined the microenvironment and solvent exposure of Trp by measuring λ~max~ shifting and acrylamide quenching of fluorescence, respectively at different stages of aggregation for these Trp substituted WT α-Syn. Simultaneous measurement of CD and Trp fluorescence showed the gradual blue shifting of λ~max~ of Trp fluorescence during the helical intermediate formation in all the proteins ([Figure 6A--B](#f6){ref-type="fig"}). From the data it is clear that although a noticeable blue shift of λ~max~ occurred during the helix → β-sheet transition for V^71^W and A^140^W, λ~max~ remained almost constant during helix to β-sheet transition for V^3^W ([Figure 6A--B](#f6){ref-type="fig"}). The blue shifting of λ~max~ for V^71^W was 3 nm, whereas for A^140^W was 2 nm on the helix to β-sheet transition. When λ~max~ was determined by a second order polynomial curve fitting rather than direct inspection, we also find a similar trend for the blue shift of λ~max~ ([Supplementary Figure 10](#s1){ref-type="supplementary-material"}). However, the absolute value for the blue shift of λ~max~ was slightly differed from visual observation. The blue shift of λ~max~ for V^71^W was of 2.6 nm (obtained from curve fitting) instead of 3 nm (obtained from visual inspection) during helix → β-sheet transition; whereas for A^140^W, the curve fitting resulted 2.1 nm blue shift, which is almost identical (2 nm) with visual observation. The data thus suggests changes in the microenvironment of all the three Trp positions during random coil to helix transition; whereas upon helix to β-sheet transition, changes in the microenvironment occur only for V^71^W and A^140^W. The microenvironment of V^3^W remained essentially unchanged upon helix to β-sheet transition.

To study the Trp solvent exposure, acrylamide-quenching studies were performed ([Figure 6C](#f6){ref-type="fig"}). The quenching data showed that the helical and β-sheet-rich species were more solvent protected compared to their corresponding monomeric state of α-Syn. The data were fitted with the modified Stern-Volmer equation[@b60] and the Stern-Volmer quenching constant (K~sv~) was determined ([Figure 6D](#f6){ref-type="fig"}). The data for V^3^W indicate that the burial of the N-terminus occurred during conversion from random coil (K~sv~ 7.4 M^−1^) to α-helix (K~sv~ 3.8 M^−1^), which does not further change during conversion to the β-sheet (K~sv~ 3.7 M^−1^), consistent with the λ~max~ shift data. However, the V^71^W and A^140^W showed a significant lowering of the Stern-Volmer quenching constant both from random coil to helix and subsequently to the β-sheet state ([Figure 6D](#f6){ref-type="fig"}). The data further suggests that in the helical intermediate, A^140^W is more solvent exposed (K~sv~ 7.8 M^−1^) compared to V^71^W (K~sv~ 4.5 M^−1^) and V^3^W (K~sv~ 3.8 M^−1^). Further, on the conversion from the helix to β-sheet-rich structure, K~sv~ for V^71^W becomes almost half. While for A^140^W, the K~sv~ changes from 7.8 M^−1^ at helix-rich state to 5.4 M^−1^ at β-sheet state. The data therefore indicates that gradual burial of central, N- and C-terminal regions accompanied the random coil to helix conversion, whereas significant conformational transition occurred during the helix to β-sheet conversion in the central region and C-terminal segments of α-Syn, respectively.

Segments responsible for helix formation determined by NMR
----------------------------------------------------------

To further confirm the formation of helical intermediates during synuclein fibrillation and in order to further corroborate the segment responsible for helix formation, 2D heteronuclear single quantum coherence (HSQC) NMR spectroscopy was performed. ^15^N-labeled α-Syn was prepared as described in method section and used for acquiring NMR spectra at 15°C. [Figure 7A](#f7){ref-type="fig"} (Left panel) shows well resolved \[^15^N, 1^H^\]-HSQC spectra of LMW α-Syn with very sharp peaks and small chemical shift dispersion along the proton dimension, indicating an intrinsically disordered protein species as expected[@b61]. Next, the LMW ^15^N-labelled α-Syn sample was incubated at 37°C for fibrillation in parallel to CD studies. When helical intermediates were detected in the CD study (\~65 h), samples were taken for the NMR measurements. In this state, numbers of visually observed peaks were found to be less compared to LMW α-Syn ([Figure 7A](#f7){ref-type="fig"}, right panel). We also noticed that these peaks that appeared in the helix-rich states were almost overlapping with the NMR peaks of LMW state.

We used 3D TOCSY-HSQC together with assignment transfer to assign the NMR spectra of helix-rich state. It was found that the sharp peaks in the helix-rich state were mostly originated from the C-terminal amino acid residues (amino acid 100--140). These results indicated the involvement of the N-terminus and hydrophobic central region in helix formation, whereas, C-terminus remained flexible. Importantly to mention, presence of structured N-terminus in α-Syn oligomers has been also reported in many studies[@b62]. Further, our NOESY-HSQC experiment showed few H^N^-H^N^ connections originating from the low-intensity peaks ([Figure 7B](#f7){ref-type="fig"}), substantiating the possibility of helical conformation adopted by the N-terminus and/or the central region of α-Syn. We further calculated the Hα secondary chemical shifts obtained from the helix-rich samples and compared with the LMW H^α^ secondary chemical shifts. In the helix-rich state, the C-terminal residues populate their ϕ and ψ in the broad β-region while the N-terminus residues adopt ϕ and ψ corresponding to helical conformation ([Figure 7C](#f7){ref-type="fig"}). Although our current NMR spectroscopic data is limited to the qualitative information about the helix-rich state, the details structural characterization of this intermediate may require further study with stabilized intermediate and use of solid-state NMR spectroscopy.

Isolation and characterization of the helical intermediate
----------------------------------------------------------

The question arises whether the helical intermediate that appeared on the onset of rapid growth phase is the mixture of different α-Syn species (different aggregates with different secondary structure) or a single structural/oligomeric entity. The latter scenario was hypothesized for the helix-rich intermediate in IAPP fibrillation[@b46][@b63]. However, our AFM study showed that different aggregates species are present in the helix-rich state along with a few matured fibrils. If the intermediate is a mixture of different α-Syn species, then it might be possible to isolate it from the other α-Syn species. Following this hypothesis, 300 μM WT α-Syn was incubated for aggregation at 37 °C. When the helical intermediate appeared as probed by CD spectroscopy ([Figure 8B](#f8){ref-type="fig"}), the solution was centrifuged ([Figure 8A](#f8){ref-type="fig"}) at 14000 g for 15 minutes at 4°C in order to remove the supernatant from the fibrillar aggregates (in the pellet (P)). The resuspended pellet fraction in solution showed predominately a β-sheet conformation in the CD spectrum as expected ([Figure 8C](#f8){ref-type="fig"}), while the soluble supernatant (S) fraction showed a helix-typical CD spectrum ([Figure 8D](#f8){ref-type="fig"}). When the supernatant fraction was further allowed to pass through a 100 kDa MWCO cut off filter, the retentate (R) fractions showed a prominent helix-typical CD spectrum, whereas the filtrate/flow through (F) showed a random coil-like spectrum ([Figure 8E--8F](#f8){ref-type="fig"}). The present data therefore suggest that the helical intermediate appearing during synucleins aggregation is a distinct oligomeric entity with a molecular weight more than 100 kDa. The concentration measurement of helix-rich state and soluble α-Syn suggests that in the helix-rich state, the isolated helical α-Syn was 50%, soluble α-Syn was 25% and rest 25% was preformed fibrils.

The FTIR spectrum of the isolated helix species (i.e. fraction R) strengthens the present finding of a distinct helical oligomeric species by showing a major absorption peak at 1653 cm^−1^, characteristic of a helical conformation ([Figure 8G](#f8){ref-type="fig"}). However, other less intense peaks \~1669 cm^−1^, \~1620 cm-1 and 1680 cm^−1^ that correspond to turn and cross β-sheet structures are also identified, suggesting that either the helix-rich intermediate may also possess subtle degree of other secondary structural elements or the present purification protocol for the helical species is unable to completely get rid of all the other type of aggregates. The different species isolated were further morphologically characterized by AFM. The pellet (P) fraction showed mostly fibrillar morphology of \~15 nm in height, while the filtrate (F) showed lower order assemblies of height \~3/4 nm. The isolated helix-rich species (fraction R) showed oligomers and thin protofilaments-like structure of height \~5 nm ([Figure 8H](#f8){ref-type="fig"}).

Fibril formation by isolated helix-rich intermediate
----------------------------------------------------

To study whether isolated helix-rich intermediate alone can be matured to β-sheet rich fibrils, we isolated the helix-rich state and incubated at 37°C for fibrillation. The conformational transition and amyloid formation was monitored using CD and ThT fluorescence, respectively. The CD data suggest that helix-rich state alone can get converted to β-sheet rich structure upon incubation ([Figure 9A](#f9){ref-type="fig"}). The ThT fluorescence study with isolated helix-rich intermediate during incubation suggests that this intermediate matured to fibrils without any lag phase in contrast to α-Syn aggregation observed from soluble, unstructured α-Syn ([Figure 9B](#f9){ref-type="fig"}). The AFM study of the fibrils formed from isolated helix showed mostly short filaments in contrast to the long fibrils that are formed by soluble LMW α-Syn ([Figure 9C](#f9){ref-type="fig"}). The short filaments, which were formed from the helix rich intermediate, did not further convert to long fibrils even after long incubation (data not shown). However, the fibrils formed from isolated helix showed slightly higher amount of ANS binding ([Supplementary Figure 11A](#s1){ref-type="supplementary-material"}) and almost similar toxicity ([Supplementary Figure 11B--C](#s1){ref-type="supplementary-material"}) as that of the fibrils formed by soluble LMW α-Syn. We suggest that the presence of fibrils is required for helix-rich state to mature to long fibrils. To study this, we incubated isolated helix-rich intermediate in the presence of 10% (v/v) fibrils and incubated for 2 days. The AFM data showed the formation of long fibrils ([Figure 9D](#f9){ref-type="fig"}) confirming that helix-rich intermediate interacts with preformed fibrils in the early elongation phase for the maturation of fibril formation.

The helix-rich intermediate catalyzed α-Syn fibrillation
--------------------------------------------------------

In α-Syn aggregation, preformed amyloid fibrils is known to accelerate the aggregation kinetics of soluble α-Syn[@b52]. To examine whether the helix-rich intermediate can template and accelerate α-Syn aggregation, 300 μM freshly prepared LMW α-Syn in 20 mM Gly-NaOH buffer, pH 7.4, 0.01% sodium azide was incubated in presence and absence of 10% isolated helical intermediate ([Figure 9E](#f9){ref-type="fig"}). 300 μM α-Syn in presence of 10% preformed fibrils was also studied as a positive control. Important to note that, in contrast to traditional seeding experiments, where fibrils were sonicated into broken fibrils, we used unsonicated helical intermediate because the sonication may affect its conformation. To keep appropriate control, we did not perform sonication of fibrils as well. It was found that in the presence of the isolated helix-rich intermediate, the lag time of aggregation was significantly reduced ([Figure 9E](#f9){ref-type="fig"}). The lag time of freshly prepared LMW α-Syn in the absence of any seeds was \~55 hr, while the lag times were significantly reduced to \~43 hr and \~38 hr in the presence of 10% preformed fibrils and isolated helix-rich intermediate, respectively. It was shown recently that aggregation kinetics in the presence of seeds (broken fibrils), which are more compatible as nucleus for aggregation and work through the bulk of the solution[@b64]. In contrast, the unsonicated fibrils were found to be surface active and retained adsorbed at air-water interface[@b64] and accelerates the aggregation through the surface (surface catalyzed reaction) of the solution[@b64]. Therefore, the observed acceleration of α-Syn aggregation kinetics might be due to the effect of surface of the species for templating the aggregation.

Hydrophobic surface exposure and toxicity of helical intermediates
------------------------------------------------------------------

It has been suggested that the extent of hydrophobic surface exposure may play a significant role in cellular toxicity of protein aggregates[@b65][@b66]. To determine the hydrophobic surface exposure of the helical intermediate and other α-Syn species, 1-anilinonaphthalene-8-sulfonate (ANS) binding study was performed with different species of α-Syn. ANS is a traditional dye frequently used for protein folding studies to detect a molten globule state[@b67]. It binds to exposed hydrophobic surfaces of proteins and, therefore, is able to monitor the relative hydrophobic surface exposure during folding and aggregation. To do the ANS binding, different species of α-Syn were isolated as described in the method section. Freshly prepared LMW was used as a negative control. The helix-rich state showed maximum ANS binding followed by isolated fibrils from the pellet purification step and fibrils collected at the end of the aggregation kinetics ([Figure 10A](#f10){ref-type="fig"} and [Supplementary Figure 12](#s1){ref-type="supplementary-material"}). LMW α-Syn showed least ANS binding. The increased hydrophobicity of the helix intermediate must come either from the oligomer formation or/and a structural rearrangement that brings together in closely space hydrophobic amino acid side chains. The data suggest the isolated helical intermediate contained more exposed hydrophobic surface area compared to fibrils and exposed hydrophobic surface area is least for the soluble protein ([Figure 10A](#f10){ref-type="fig"} [Supplementary Figure 12](#s1){ref-type="supplementary-material"}).

Further, to study the toxicity of the helix-rich intermediate, a cell-based toxicity assay (MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)[@b68]) using SH-SY5Y neuroblastoma cell line was performed ([Figure 10B](#f10){ref-type="fig"}). The isolated helical intermediate along with the pellet fraction (P), the filtrate (F) (see [Figure 8A](#f8){ref-type="fig"}), and non-isolated sample that showed a helix-rich signal in the CD spectrum (termed helix-rich mixture in the following section) were used for the toxicity study ([Figure 10B](#f10){ref-type="fig"}). Freshly prepared LMW α-Syn, α-Syn fibrils (5 days old), and Aβ fibrils were used as controls. The MTT reduction data showed that isolated helix (R) showed lowest MTT reduction \~35% followed by helix mix \~47% and fibrils \~55%. However, pellet (P) and fibrils showed almost similar MTT reduction. The LMW α-Syn showed highest MTT reduction (\~82%) as expected. The positive control of Aβ (25--35) fibrils showed \~40% MTT reduction. This suggests that the helix-rich intermediates are highly cytotoxic compared to β-sheet-rich fibrils and LMW α-Syn. The toxicity and hydrophobic exposure comparison plot of the helix-rich materials ([Figure 10C](#f10){ref-type="fig"}) reveal that there appears to be a correlation between hydrophobic surface exposure and cytotoxicity.

Consistent with MTT data, a similar observation was also obtained when cell morphology of SH-SY5Y cells that treated with different species of α-Syn were imaged under phase contrast microscope. It was found that almost similar cell morphology was observed when cells were treated with LMW α-Syn compared to buffer control after 24 hr of incubation ([Figure 10D](#f10){ref-type="fig"}). However, the cells treated with helix-rich mixture and fibrils showed abundant cells with distorted morphology (damaged cell body and neurites). Further, the cell death was analyzed using calcein AM and ethidium homodimer (Eth D1) staining. Calcein AM stains the live cells[@b69][@b70] while Eth D1 detects the DNA of dead cells[@b55][@b71]. The calcein AM and Eth D1 staining reveals mostly normal status of cells when treated with LMW α-Syn ([Figure 10E](#f10){ref-type="fig"}). However, Eth D1 staining was mostly found when cells were treated with the helical intermediate and less extent with fibrils. Consistent with our MTT assay, phase contrast imaging, calcein AM/Eth D1 staining also suggested that the isolated helix-rich state is more cytotoxic compared to the matured fibrils ([Figure 10E](#f10){ref-type="fig"}).

Finally to quantify the toxicity, cell death in the presence of different α-Syn species were analyzed by Annexin V and propidium iodide (PI) staining of the SH-SY5Y cells using flow cytometry analysis[@b55]. It was known that in an early apoptosis event, Annexin V binds to the phospholipid phosphatidylserine (PS) that is translocated from the inner to the outer leaflet of plasma membrane (Annexin V+). When staining of Annexin V-FITC is performed along with the live/dead dye propidium iodide (PI), the analysis allows identification of cells undergoing late apoptosis and/or necrosis (Annexin V+, PI+). In contrast, binding of both Annexin V and PI would be negative (Annexin V**−**, PI**−**), when cells were completely viable. The dead cells, however, would bind mostly with PI (Annexin V**−**, PI+). Therefore, staining with Annexin V-FITC along with the live/dead dye propidium iodide (PI) allow differentiating whether cells are viable or undergoing early/late apoptosis and/or necrosis (Annexin V+, PI+)[@b72][@b73]. Importantly, as this study requires the α-Syn species with higher concentrations, helix-rich mixture (instead of isolated helix) was used. As a control, preformed fibrils and freshly prepared LMW α-Syn were also used. The data shown in [Figure 10F](#f10){ref-type="fig"} suggests that 70% cells were undergoing early apoptosis in presence of the helix-rich intermediate (helix ~mix~) while cells in presence of freshly prepared LMW α-Syn and fibrils thereof showed only \~10% and \~7% early apoptosis ([Figure 10F](#f10){ref-type="fig"}). In the presence of buffer, most of the cells were viable. The data clearly suggest that under the experimental conditions tested, helix-rich material of WT α-Syn is cytotoxic.

Although all these different methods of toxicity clearly showed higher toxicity of helix-rich state, the possibility of transformation of this helical intermediate into higher order aggregates in cell culture environment during experimental time period cannot be ruled out. It is however quite difficult to evaluate directly the protein conformation responsible for cellular toxicity. However, the toxicity studies of the helical intermediate along with appropriate controls of freshly formed β-sheet rich fibrils and mature β-sheet fibrils indicate that the higher toxicity observed for helix-rich state could be due to the oligomeric helical intermediate rather than the higher order β-sheet rich aggregates that may form in cell culture experiment.

Discussion
==========

Aggregation of proteins into amyloid fibrils is a multistep process where monomeric protein gradually gets converted into various oligomeric forms before forming matured fibrils[@b41][@b44][@b74][@b75][@b76]. Several *in vitro* aggregation studies have shown that natively unstructured and folded proteins undergo large conformational transitions of RC → β-sheet[@b19] and helix → β-sheet, respectively upon amyloid formation[@b77][@b78][@b79][@b80][@b81][@b82]. However, several studies have also suggested that natively unstructured proteins may undergo structural transition of RC → β-sheet through a helix-rich intermediate during amyloid formation[@b41][@b42][@b46][@b47][@b83][@b84]. Teplow and co-workers for the first time reported the existence of a helix-rich intermediate in the amyloid formation pathway of Aβ protein associated with AD[@b41]. This helix-rich intermediate was mostly oligomeric in nature and was suggested to be an on-pathway intermediate of Aβ aggregation. Subsequently, many studies showed the presence of a helical intermediate during the aggregation of IAPP[@b42][@b43][@b44] (associated with type 2 Diabetes) and several other amyloidogenic proteins/peptides[@b48][@b49][@b50]. Raleigh and co-workers have shown that helix-rich intermediate also populate during fibril formation by Pro-IAPP in presence of glycosaminoglycans such as heparan sulfate[@b45].

Although most of the conformational studies of α-Syn aggregation showed random coil → β-sheet structural conversion[@b19] recent studies have shown that condition that favored partial helix structure (using organic solvents) of α-Syn facilitates amyloid formation[@b30][@b31][@b85][@b86]. Anderson *et al* showed α-helix rich state also populates during aggregation and fibrillation of α-Syn. However, its role in synuclein fibrillation, mode of toxicity, and exactly where it appears in the aggregation pathway is not known yet. Further biophysical and structural characteristics of this intermediate have not been studied yet. In the present study, we performed the structural and morphological characterization of the entire aggregation pathway of α-Syn *in vitro*. Our *in vitro* aggregation studies using CD and FTIR combined with ThT binding studies ([Figure 1A, 1C](#f1){ref-type="fig"}, [4](#f4){ref-type="fig"} and [Supplementary Figure 2](#s1){ref-type="supplementary-material"}) showed that α-Syn remains in an unstructured state immediately after preparation. During aggregation, it transforms into an oligomeric, partial helix-rich state, which subsequently converts to β-sheet-rich fibrils ([Supplementary Figure 13](#s1){ref-type="supplementary-material"}). The three familial disease-associated mutants (A30P, A53T and E46K) of α-Syn as well as E57K, γ-Syn, mouse-Syn and \[30−110\]α-Syn also showed RC → helix → β-sheet structural transitions during their aggregation ([Figure 1C](#f1){ref-type="fig"} and [Supplementary Figure 2](#s1){ref-type="supplementary-material"}). We thus report here the existence of α- helix-rich intermediate (in the absence of any organic solvent) during the aggregation of all synucleins (except β-Syn) under study. We believe that careful removal of preformed seeds, use of low ionic strength buffer (Gly-NaOH, pH 7.4) and regular monitoring of the conformational transitions (3 to 5 days monitoring and measuring CD spectra at regular intervals) enable us to observe this α-helical intermediate during synuclein aggregation pathway.

Further, our aggregation study revealed that all synucleins form helix-rich intermediate at the beginning of the elongation phase of aggregation ([Supplementary Figure 3](#s1){ref-type="supplementary-material"}) that extended up to mid-elongation phase after which all proteins converted to β-sheet structure.

Our AFM morphological characterization study during aggregation revealed that this helix-rich state is a mixture of oligomeric species of various sizes as well as small fibrillar aggregates. Further, the residue level structural characterization using NMR suggest that first 100 residues containing N-terminus and central part of α-Syn participate in the helix-rich intermediate formation, while C-terminus remains flexible in this state. The Trp fluorescence and quenching studies reveal that site-specific structural dynamics at the N-terminus, NAC region and C-terminus are involved in the formation of helix-rich state; however most drastic transition at the NAC region mediate the helix maturation into fibrils. It is suggested that N-terminus of α-Syn is amphipathic in nature and has a propensity to assume helical conformation[@b87]. It has also been reported that α-Syn binds to membranes *in vitro* forming helix-rich structure composed of its first N-terminal 100 amino acid residue[@b22]. It is possible that during the initial phase of aggregation, the intermolecular interactions between α-Syn N-terminal segments (having helical propensity) may enhance the stability of the helix conformation (local energy minima). This may further increase the local concentration of α-Syn facilitating intermolecular interactions favoring β-sheet rich amyloid fibril formation.

Since our morphological analysis revealed that the helix-rich intermediate is a heterogeneous population of species, it follows that α-Syn in this state possess multiple structural and oligomeric forms. To characterize the individual components of this helix-rich state, centrifugation was performed. It was observed that \~25% of the helix-rich intermediate are pelletable fibrils having β-sheet conformation; whereas another \~25% soluble fraction are α-Syn species having \<100 kDa mass and of random coil conformation. Rest \~50% are of helical conformation having \>100 kDa mass. The isolated helix-rich state is a homogeneous population of small oligomeric species, which alone can self-assemble into β-sheet rich fibrils instantaneously without any lag phase suggesting that the helix-rich intermediate is the on-pathway intermediate for fibril formation. However, the morphology of the fibril formed from helix-rich state alone showed thin and short fibrils (even after long incubation) in contrast to long fibrillar network that matured from native helix-rich state (mixture). The data suggest that during the elongation phase, different α-Syn species formed in the nucleation phase might interact with each other differently resulting in fibrils having distinct morphologies. To probe this, we incubated isolated helix-rich state with 10% fibrils and the data showed the formation of long fibrils (morphologically similar to the fibrils matured from LMW). Interestingly, our cell toxicity assays indicate that these helix-rich states of α-Syn are more cytotoxic compared to soluble and fibrillar α-Syn. This high cytotoxicity of helix-rich states could be attributed to their higher exposed hydrophobic surfaces as suggested for oligomeric protein/peptides[@b65][@b66].

We propose that the N-terminal regions of α-Syn, which has a high propensity to assume helical structure, might mediate the slow formation of helix-rich intermediate through intermolecular interactions. However, this intermediate is formed in a low amount initially and, therefore, remains undetectable in the lag phase. The intermolecular helix-helix interactions further facilitate aggregation and once small amount of fibrils are formed; they may further auto catalyze the α-Syn aggregation into fibrils, which may also involve the helix-rich intermediate formation. Thus large amount of helix-rich state accumulates at the beginning of elongation phase (25%) and eventually most of the protein species get converted to the thermodynamically favorable state of β-sheet-rich amyloid fibrils at mid elongation phase of aggregation. Moreover, during the elongation phase, the helix-rich state may further interact with preformed fibrils for their further conversion into β-sheet-rich fibrils. Overall our data indicate that both nucleation and elongation phases comprise of a complex aggregation reaction involving the interaction of multiple species, which may be the responsible for the formation of morphologically distinct amyloid fibrils. The present study, therefore, provides valuable insights into the complex aggregation mechanism and extensive characterization of the intermediates involved in the amyloid forming pathway of α-Syn. This study would also contribute in providing targets for therapeutics against Parkinson\'s disease and other neurodegenerative diseases where \"α-helix-to-β-sheet\" transitions and α-helix-rich intermediates are linked to disease pathogenesis[@b41][@b42][@b46].

Methods
=======

Chemicals and Reagents
----------------------

Chemicals were obtained from Sigma Chemical Co. (St. Louis, MO) and were of the highest purity available. Water was double distilled and deionized using a Milli-Q system (Millipore Corp., Bedford, MA). Cell culture stuffs were purchased from Invitrogen (U.S.A.).

Multiple sequence alignment
---------------------------

For multiple sequence alignment ClustalW ([http//ebi.ac.uk/clustalw2](http//ebi.ac.uk/clustalw2)) was used for all synucleins. The input sequences were in FASTA format and the sequences were aligned using the default setting parameters.

Protein expression and purification
-----------------------------------

Site-specific Trp mutants were created by site-directed mutagenesis as described by Sahay *et al*[@b88]. All synucleins were expressed in *Escherichia coli* BL21 (DE3) strain according to the protocol described by Volles *et al*[@b89] with slight modification[@b55][@b90][@b91].

Isolation of LMW α-Syn
----------------------

Lyophilized protein was dissolved in 20 mM Gly-NaOH, pH 7.4, 0.01% sodium azide at a concentration 10 mg/ml. Since synucleins are acidic in nature, the pH of the resulting solution was around 6.0 and it was not fully soluble. To solubilize, few μl of 2 mM NaOH was added until the solution became completely clear. The pH was adjusted to 7.4 by adding few μl of 1 M HCl. The pH of the final solution was confirmed by micro pH meter (S20 Seven Easy, Mettler-Toledo, Switzerland). The solution was then dialyzed in a mini dialysis unit of 10 kDa cutoff (Slide-A-Lyzer Mini dialysis devices, Pierce, USA) for overnight against the same buffer. For (30−110) α-Syn, 3.5 kDa mini dialysis units were used. The solutions were then collected, transferred to filters (100,000 molecular weight cut-off (MWCO) Centricon YM-100, Millipore Corp., Bedford, MA). For (30−110) α-Syn, the solution was transferred to YM-50. Then filters were centrifuged for 30 min at 10,000 × g using a benchtop microcentrifuge (Eppendorf Model 5415C, Brinkmann Instruments Inc., Westbury, NY). The resulting solution was clear and free of any larger aggregates. The cutoff filters were washed three times with buffer before use. α-Syn was shown to contain monomeric α-Syn in equilibrium with low-order, unstructured oligomers. The concentrations of synucleins in the filtrates were determined by absorbance at 280 nm, considering the molar absorptivity (ε) is 5960 for α-Syn, its three disease mutants, mouse-Syn, β-Syn and 1490 for \[30−110\] α-Syn and γ-Syn.

Amyloid fibril formation
------------------------

The assembly reaction was initiated with LMW synuclein at a concentration of \~300 μM in 1.5 ml eppendorf tube in 20 mM Gly-NaOH, pH 7.4, with 0.01% sodium azide. For morphological analysis of α-Syn species during aggregation, aggregation reaction of WT LMW α-Syn at 250 μM concentration in 20 mM Gly-NaOH buffer, pH 7.4, 0.01% sodium azide at 37 °C with slight agitation (\~50 r.p.m) was initiated. The eppendorf tubes containing protein solutions were placed into an Echo Therm model RT11 rotating mixture (Torrey Pines Scientific, USA) with a speed corresponding to 50 r.p.m. inside a 37°C incubator. The fibril formation was monitored by CD, ThT binding and confirmed by EM at the end of assembly reaction.

ThT fluorescence assay
----------------------

1 mM ThT was prepared in Tris-HCl buffer, pH 8.0, 0.01% sodium azide. 2 μl of 1 mM ThT solution was added to the 7.5 μM protein solution in 200 μL Gly-NaOH buffer, pH 7.4, 0.01% sodium azide. Immediately after addition, ThT fluorescence assay was done using Horiba-Jobin Yvon (Fluomax4) with excitation at 450 nm and emission in the range of 465−500 nm. The slit width for both excitation and emission were kept at 5 nm. ThT fluorescence obtained at 480 nm was plotted for all proteins against incubation time and the data were fitted to a sigmoidal curve. The lag time (t~lag~) was calculated according to the published protocol[@b56] using equation y = y~0~ + (y~max~ ~−~ y~0~)/(1 + e-^(k(t-t^~1/2~^)^), where y is the ThT fluorescence at a particular time point, y~max~ is the maximum ThT fluorescence and y~0~ is the ThT fluorescence at t~0~ and t~lag~ was defined as t ~lag~ = t ~½~ − 2/k.

Circular dichroism spectroscopy (CD)
------------------------------------

5 μL of protein solution was diluted to 200 μl in 20 mM Gly-NaOH, pH 7.4 with 0.01% sodium azide. The solution was placed into a 0.1 cm path-length quartz cell (Hellma, Forest Hills, NY). Spectra were acquired using JASCO-810 instrument. All measurements were done at 25°C. Spectra were generally recorded over the wavelength range of 198−260 nm. Each spectrum was scanned thrice (accumulation 3) and the average was taken. Raw data were processed by smoothing and subtraction of buffer spectra, according to the manufacturer\'s instructions. Three independent experiments were performed with each sample. Spectral deconvolution of CD data was performed using the CDPro software[@b57] package that consisted of three programs (viz. SELCON3, CDSSTR, and CONTINLL) to determine relative quantities of random coil, α-helix, β-sheet and β-turn. In the CDPro package, reference sets of proteins from different sources are combined to create a large reference set of CD spectra and depending upon the spectrum wavelength range of the experiment, the reference set (*IBasis*) can be changed. We used either an *IBasis* of 7 (48 proteins reference set) or *IBasis* of 9 (50 protein reference set), depending upon the curve fitting with experimental CD spectra that produced lower RMSD value. Wavelength was taken form (240−198) nm for the deconvolution for all three programs in CDPro. If the data obtained were similar from the three different programs, they were averaged to obtain the percentage of each secondary structure element. In some cases, the results obtained from one program were not consistent with those from the other two. Such cases averaging were done with data set from two programs that produced similar results.

Atomic force microscopy (AFM)
-----------------------------

For atomic force microscopy, protein samples were spotted on a freshly cleaved mica sheet followed by washing with double distilled water. Immediate after addition, mica was dried in vacuum desiccator. AFM imaging was done in tapping mode under a silicon nitride cantilever using Veeco Nanoscope IV Multimode AFM. Minimum five different areas of three independent samples were scanned with a scan rate of 1.5 Hz.

Electron microscopy (EM)
------------------------

The aged synuclein solutions in 20 mM Gly-NaOH, pH 7.4, 0.01% sodium azide were diluted in distilled water to a concentration of \~40 μM, spotted on a glow-discharged, carbon-coated Formvar grid (Electron Microscopy Sciences, Fort Washington, PA), incubated for 5 min, washed with distilled water, and then stained with 1% (w/v) aqueous uranylformate solution. Uranylformate solution was prepared freshly and filtered through 0.22 μm sterile syringe filters (Milipore, USA). EM analysis was performed using an electron microscope (FEI Tecnai G2 12) at 120 kV with nominal magnifications in the range of 26,000 to 60,000. Images were recorded digitally by using the SIS Megaview III imaging system. At least two independent experiments were carried out for each sample.

Tryptophan fluorescence
-----------------------

LMW proteins were prepared for all Trp mutants and WT protein and the concentrations of protein were determined by measuring absorbance at 280 nm considering the molar absorptivity (ε) as 11460 M^−1^cm^−1^ for single tryptophan mutant of WT α-Syn. The LMW of Trp mutants and WT α-Syn at 300 μM concentrations in 20 mM Gly-NaOH buffer, pH 7.4, 0.01% sodium azide were incubated with slight agitation at 37°C. During incubation, small aliquots of the samples were taken at regular intervals and diluted with identical buffer with final protein concentration of 6 μM for Trp fluorescence and 6 μM for CD spectroscopy. Both CD and Trp fluorescence spectroscopy were performed simultaneously. Fluorescence spectra were recorded using Horiba Jobin Yvon (Fluoromax 4) with excitation at 290 nm and emission in the range 300−500 nm. The excitation as well as emission slit widths were set to 5 nm. To monitor the site specific conformational changes during aggregation, the emission maxima (λ~max~) was plotted against the time course of incubation. Further, λ~max~ of Trp emission spectra was determined using gnu plot fitted to a second order polynomial equation. For that the value of the Trp emission spectra from 335 to 375 was taken and fitted using the function f(x) = −a(x − b)^2^ + C; Where 'b\' corresponds to λ~max~ for the corresponding Trp emission spectra.

Acrylamide quenching
--------------------

300 μM LMW of Trp mutants of WT α-Syn in 20 mM Gly-NaOH buffer, pH 7.4, 0.01% sodium azide were incubated with slight agitation (\~50 r.p.m) at 37 °C. The CD study was performed at regular intervals to monitor the aggregation as described in Trp fluorescence section. Site-specific solvent exposures of Trp of α-Syn Trp mutants in LMW, helical intermediate and β-sheet-rich state were performed using acrylamide quenching. For the quenching experiments, aliquots of the protein solutions were mixed with increasing concentrations of acrylamide (0−0.5 M) where final concentration of protein was 6 μM in each preparation. The solutions were incubated in the dark for five minutes. Fluorescence spectra were recorded with excitation at 290 nm and emission in the range of 300−500 nm. The fluorescence intensity maxima in absence (F~0~) and presence of different acrylamide concentrations (F) were plotted against different acrylamide concentrations and these plots were fitted using the modified Stern-Volmer equation[@b60]; F~0~/F = (1 + K~sv~\[Q\])e^v\[Q\]^; where K~sv~ is the Stern-Volmer constant, \[Q\] is the acrylamide concentration, V is the static quenching constant. These fitting yield Stern-Volmer constants, which were plotted against different species studied.

NMR Spectroscopy
----------------

All NMR experiments were performed on a Bruker Avance 800 MHz NMR spectrometer equipped with triple resonance gradient probe at 288 K. Data were processed using Topspin 2.1 version and analyzed with Sparky 3.114. Spectra of LMW and helical intermediates of α-Syn were collected at a concentration of \~240 μM in the H~2~O/D~2~O (90:10) in Gly-NaOH buffer, pH 7.4. Backbone resonance assignments of LMW wt α-Syn were obtained using standard set of triple resonance experiments (such as HNN, CBCANH, CBCACONH, HNCO) together with previously published data (BMRB accession number 16543 and 5744). For calculating H^α^ secondary chemical shift, 3D TOCSY-HSQC experiments with MLEV-17 sequence and with a mixing time of 60 ms were recorded. To obtain various through-space connection in helical intermediates, 3D NOESY-HSQC spectra, with mixing time of 200 ms, were recorded. All 2D experiments were acquired with 8−32 scans having (2048 × 256) data matrix. The data were zero-filled to give a (4096 × 1024) matrix and processed prior to Fourier transformation with sine square bell. All proton chemical shifts were referenced with using DSS as an external reference and other nuclei were reference indirectly using BMRB protocol.

Isolation of helical intermediate
---------------------------------

To isolate the helical intermediate from the reaction mixture, 300 μM LMW of α-Syn was prepared as described earlier[@b54][@b55] and incubated at 37°C with slight agitation (\~50 r.p.m). Its secondary structural changes were monitored by CD spectroscopy. When helical conformation appeared in CD measurement (two negative minima one at \~205−208 nm and another at \~222 nm), the reaction mixture was taken out from the incubator. It was centrifuged at 14000 g for 15 minutes at 4°C. This leads to the separation of pelletable fibrils (P) and supernatant (S). The supernatant was passed through 100 kDa cut off filter. The flow-through (F, MW less than 100 kDa) and the retentate (R, upper portion of cutoff filter (more than 100 kDa)) were collected. From 300 μM reaction mixture, \~60 μM pellet, \~80 μM flow-through and \~160 μM isolated helix were obtained.

Aggregation of synuclein in presence of isolated helix
------------------------------------------------------

300 μM LMW (\<100 kDa) solution of α-Syn in 20 mM Gly-NaOH, pH 7.4, 0.01% sodium azide was incubated at 37°C with slight agitation (50 r.p.m) and the aggregation kinetics was monitored by CD. When solution showed helix-rich conformation in CD spectroscopy, the protein solution was taken out from the incubator and helix was isolated using 100 kDa cutoff filter as described previously. Aliquots of this solution were added to freshly prepared LMW α-Syn such that helical seeds become 10% (v/v). Only LMW α-Syn was also used as a control. Similar experiments also were performed with preformed fibrils as seeds instead of helical intermediate for the positive control. For seeding study with helix-rich intermediate and fibrils, the protein concentration, and total volume were kept constant with 300 μM and 400 μl, respectively. All solution mixture was incubated at 37°C with slight agitation and during incubation ThT binding was measured at regular time intervals. ThT was measured using spectrofluorometer Horiba Jobin Yvon (Fluoromax-4) with excitation at 450 nm and emission in the range 460−500 nm. Both excitation and emission slit widths used for the fluorescence measurement was 5 nm.

FTIR study
----------

FTIR is a powerful technique for the determination individual secondary structural components of protein/peptides. For FTIR analysis, thin translucent pellet of KBr was made by compressing the grounded KBr powder at the pressure of 7 ton by using hydraulic pressure pump. The pellet was then kept under IR lamp and 5 μl of the α-Syn solution was spotted on it and dried immediately. For background spectrum 5 μl of the buffer was spotted on another KBr pellet and dried. The pellet was then kept in a transmission holder and the IR spectra in the range of 1800−1500 cm^−1^ were acquired by using BrukerVertex-80 instrument equipped with DTGS detector. For each spectrum, 32 scans at the resolution of 2 cm^−1^ were recorded. Raw data corresponding to amide-I region (1700−1600 cm^−1^) were deconvoluted by Fourier self-deconvolution (FSD) method. The deconvoluted spectra were then subjected to Lorentzian curve fitting procedure and integrated using opus-65 software according to manufactures instruction.

ANS binding assay
-----------------

1-anilinonaphthalene-8-sulphonic acid (ANS) is a powerful dye to measure the exposed hydrophobic surfaces of protein and its aggregates[@b65][@b66][@b67]. ANS binding study was performed during aggregation of WT α-Syn. To determine the ANS binding of the helix-rich intermediate, 300 μM freshly solubilized WT α-Syn in 20 mM Gly-NaOH, pH 7.4 was incubated at 37°C with slight agitation. When the helical intermediate appeared in CD measurement, it was isolated as described previously. 3 μl of 5 mM ANS was added to 5 μl of different species of α-Syn in 200 μl buffer. It was incubated for 10 min at dark. ANS fluorescence was measured using Horiba Jobin Yvon (Fluoromax 4) spectrofluorometer exciting at 370 nm and emission in the range of 400−600 nm with excitation and emission slit widths were of 5 nm. Buffer subtraction was done and fluorescence intensity at 475 nm was plotted against different synuclein species.

MTT assay
---------

LMW wt α-Syn at 300 μM concentration was incubated at 37°C with slight agitation. When the helical intermediate was detected in CD, helix was isolated as described previously. Fibrils and freshly prepared LMW were also used as controls. Subsequently, similar toxicity assay were also performed with other mixture assembly containing of helix-rich conformation. To do the toxicity, neuronal cell line of SH-SY5Y were cultured in Dulbecco\'s Modified Eagle Medium (DMEM) (Himedia, India) supplemented with 10% FBS (Invitrogen, USA), 100 units/mL penicillin and 100 μg/mL streptomycin in a 5% CO~2~ humidified environment at 37°C. Cells were seeded in 96-well plates in 100 μL medium at a cell density of \~10,000 per well. After 24 hr of incubation, the old medium was replaced with fresh media containing 50 μM of each α-Syn species. Cells were further incubated for 24 hr at 37°C. After this, 10 μl of a 5 mg/ml MTT prepared in PBS was added to each well and the incubation was continued for 4 hr. Finally, 100 μl of a solution containing 50% dimethylformamide and 20% SDS (pH 4.7) was added and incubated for overnight. After incubation in a 5% CO~2~ humidified environment at 37°C, absorption values at 560 nm were determined with an automatic micro titer plate reader (Thermo Fisher Scientific, USA). The background absorbance was also recorded at 690 nm and subtracted from the absorbance value of 560 nm.

Cell viability assay
--------------------

To check the cell viability in the presence of various α-Syn species (LMW, helical intermediates, and fibrils) calcein and ethidium homodimer 1 staining was used. To do that different species of α-Syn were isolated as described previously. For cell culture, SHSY-5Y cells were cultured on glass cover slips of 12 mm diameter with a density of 4 × 10^4^. The cells were maintained in DMEM (HIMEDIA, India) with 10% heat-inactivated FBS and 100 units/ml penicillin and 100 μg/ml streptomycin in a 37°C incubator with a humidified atmosphere of 5% CO~2~ for 24 hrs. Next day, the old culture media was replaced with fresh media along with the addition of various α-Syn species at a concentration of 10 μM per well and cells were further incubated for 22 hours at 37°C. After this incubation, cells were washed once with PBS and then treated with 2 mM calcein and 4 mM of ethidium homodimer 1 simultaneously for 10 mins at 37°C. After removal of staining solutions, cell were washed once with PBS and fixed in 4% PFA, which then mounted for imaging under fluorescence microscope (Axiocam, Zeiss).

Cell morphology analysis
------------------------

To study the effect of various α-Syn species on the cell morphology, neuroblastoma cell lines SH-SY 5Y, were seeded at a density of 4 × 10^4^ on the coverslips and maintained for 24 hrs as previously mentioned. Next day, the old culture media was replaced with fresh media along with the addition of various α-Syn species at a concentration of 10 μM per well and cells were further incubated for 22 hours at 37°C. Further, the cells were fixed in 4% PFA then taken for imaging using phase contrast microscopy (X 51, Olympus).

Fluorocytometry analysis
------------------------

For relative quantification of cell death and apoptosis in the presence of helix-rich intermediate, flow cytometry measurement was performed using Annexin V-FITC apoptosis detection kit (Sigma, USA). To do that, undifferentiated cells were grown in T25 cell culture flask (Nunc, USA) until \~70% confluency (\~10^6^ cells). The cells were then treated each with 50 μM each of helix-rich intermediate, LMW and fibrils and only buffer for 24 hrs. After incubation, the cells were trypsinized, centrifuged and used for cell death assay using Annexin V-FITC Apoptosis detection kit (APOAF, Sigma, USA). The cell pellet was washed with 1 × PBS and further resuspended in 1 × binding buffer (Sigma, USA). Cells were stained with Annexin V-FITC and propidium iodide (PI) according to manufacturer\'s instructions. Unstained cells (without Annexin V-FITC and PI) were used as a control and cells stained with either Annexin V-FITC or PI was used as fluorescent compensation controls. AnnexinV-FITC and PI staining were quantified in a flow cytometer (FACSAria, BD Biosciences, San Jose, CA) and analyzed using the BDFACS Diva software. For each sample, 20,000 cells were analyzed. The upper left quadrant (Q1) (in [Fig. 6E](#f6){ref-type="fig"}) represents dead cells population (only PI positive), upper right quadrant (Q2) represents the population of cells in the late stage of apoptosis (Annexin V-FITC positive and PI positive), Lower left quadrant (Q3) represents the population of viable/live cells (Annexin V-FITC negative and PI negative), lower right quadrant (Q4) represents the population of cells in early stages of apoptosis (only Annexin V-FITC positive)[@b72][@b73]. X-axis represents area of Annexin V-FITC fluorescence and Y-axis represents PI fluorescence intensities.

Statistical analysis
--------------------

The statistical significance was determined by one-way ANOVA followed by Newman-Keuls Multiple Comparison post hoc test; \*P \< 0.05; \*\*P \< 0.01; NS P \> 0.05.
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![Synucleins fibrillation through helix-rich intermediate.\
(A) Aggregation of synucleins was monitored by ThT fluorescence. All synucleins (LMW) were incubated at 37°C with slight agitation at a concentration of 300 μM in 20 mM Gly-NaOH buffer, 0.01% sodium azide, pH 7.4. ThT fluorescence was performed at regular intervals. ThT fluorescence intensities at 480 nm were ploted against incubation time for each protein. (B) Bar diagram representation of lag time for the synucleins aggregation kinetics monitored by ThT fluorescence. (C) CD spectroscopy reveals synucleins were initially random coil and converted to β-sheet conformation via α-helix-rich intermediate. The different colored numbers indicate the incubation times (hrs). Selected CD spectra were shown.](srep09228-f1){#f1}

![Electron microscope images of WT α-Syn and its variants.\
EM images of WT α-Syn, its disease associated mutants (A30P, E46K and A53T), E57K, Core, Mouse-Syn and γ-Syn showed amyloid like fibrils morphology at the end of assembly reaction. However β-Syn did not show any fibrils morphology. It formed small globular oligomers. Scale bar represents 500 nm.](srep09228-f2){#f2}

![Duration of helix-rich intermediates is dependent on the aggregation propensity of α-Syn.\
(A) Duration of helix and lag time for different synucleins follows a linear correlation. (B) Concentration dependent aggregation kinetics of WT α-Syn measured by ThT binding assay. (C) Corelation plot for the lag time and duration of helix for WT α-Syn at different concentration (1 mM, 600 μM and 300 μM). Duration of helical intermediate is lowest for 1 mM and longest for 300 μM concentration of α-Syn.](srep09228-f3){#f3}

![Secondary structural changes monitored by FTIR spectroscopy.\
Curve fitted FTIR spectra in the region corresponding to amide-I band showing the different secondary structural content of α-Syn species at different stages of aggregation (Upper panel). FTIR spectral data suggest predominate random coil structure at the beginning that eventually converted to β-sheet rich structure via α-helical intermediate during α-Syn aggregation. Corresponding CD spectra of the identical samples were shown in lower panel.](srep09228-f4){#f4}

![Temporal changes in secondary structures and morphology of α-Syn during amyloid formation.\
CD and AFM study of α-Syn during aggregation showing a transition from RC to β-sheet via a helix-rich intermediate. AFM study showing small oligomers/amorphous structures at the beginning, the helix-rich state appears to be composed of a heterogeneous population of different species including spherical oligomers and small filaments before assembled to mature fibrils (at 100 hr). AFM images are squares of 2.5 μm. Heights scales are depicted in individual AFM images.](srep09228-f5){#f5}

![Sequence segments of α-Syn critical for the formation of helical intermediates probed by Trp fluorescence study.\
(A) Trp emission spectra showing gradual blue shift of λ~max~ of for V^3^W (left), V^71^W (middle) and A^140^W (right) during RC → α-helix → β-sheet transition. (B) Changes of Trp fluorescence intensity maxima (λ~max~) during helix-rich intermediate and amyloid formation by Trp-substituted WT α-Syn. The large λ~max~ change was evident for V^71^W and A^140^W during helix → β-sheet transition. (C) Modified Stern-Volmer plots of Trp quenching for \[V^3^W\]α-Syn, \[V^71^W\]α-Syn and \[A^140^W\]α-Syn using acrylamide. Quenching of site-specific Trp mutants at three different stages of incubation were carried out (freshly prepared low molecular weight (LMW), helix-rich intermediate and at the time of first β-sheet appearance (β-sheet)). F indicates maximum Trp fluorescence intensity in presence of different acrylamide concentrations and F~0~ stands for maximum Trp fluorescence intensity in absence of acrylamide. (D) Stern-Volmer quenching constants of site-specific Trp variants of freshly prepared LMW, helix-rich intermediate and immediately after conversion to β-sheet.](srep09228-f6){#f6}

![Segments responsible for helix formation determined by NMR.\
(A) 2D heteronuclear single quantum coherence (HSQC) NMR spectroscopy of LMW (left panel), helix-rich state (right panel). (B) NOESY-HSQC experiment of helix-rich intermediate H^N^-H^N^ connections originating from the low-intensity peaks. (C) H^α^ secondary chemical shifts of resonances for LMW (left panel) and helix-rich state (right panel).](srep09228-f7){#f7}

![Isolation and biophysical characterization of helical intermediate.\
(A) Schematic showing the isolation of helical intermediate. Secondary structure determined by CD spectroscopy for (B) helical mixture, (C) pellet, (D) supernatant, (E) retentate (isolated helix) and (F) flow through containing soluble α-Syn. (G) FTIR spectroscopy of isolated helix showing most intensity peak at 1653 cm^−1^ corresponding to helix conformation. (H) Morphological analysis for various isolated α-Syn species. AFM images are square of 5 micron and height scales are shown in individual AFM images.](srep09228-f8){#f8}

!['On pathway\' α-helical intermediate during synuclein fibrilization.\
(A) CD spectra during aggregation showing conversion from isolated helix-rich state to β-sheet upon incubation. (B) Kinetics of aggregation of LMW α-Syn and isolated helix monitored by ThT. (C) Morphological analysis of fibrils formed from isolated helix (left panel) and LMW α-Syn (right panel) by AFM. Scale bar are 500 nm. Height scales (upper panel) and amplitude scales (lower panel) are shown in individual AFM images. (D) Morphological characterization of the fibrils formed by the isolated helix in presence of externally added fibrils by AFM showing regular characteristic of thin and long fibrils morphology. Scale bar are 500 nm. Height scales (left panel) and amplitude scales (right panel) are shown in individual AFM images. (E) Seeding capacity of isolated helical intermediate and fibrils. The presence of 10% (v/v) helical intermediate and fibrils in a sample containing 300 μM LMW α-Syn reduced the lag phase of α-Syn fibril formation. α-Syn without any seeds was used as a control.](srep09228-f9){#f9}

![Hydrophobic surface exposure and toxicity of helix-rich intermediate.\
(A) ANS fluorescence of different α-Syn species indicate maximum exposed hydrophobic surface for isolated helix-rich state. (B) MTT reduction by SH-SY5Y cells in presence of various α-Syn species showing higher cytotoxicity (less MTT reduction) of isolated helix and material comprising helix-rich intermediates. LMW, matured fibrils (5 days aged sample) and Aβ (25--35) fibrils were used as controls. (C) Correlation plot of ANS binding (hydrophobic surface exposure) and MTT reduction-based cytotoxicity indicates that species possessing larger hydrophobic exposed surfaces are more toxic. (D) Phase contrast images for SHSY-5Y cells treated with different species of α-Syn indicating maximum cell death for isolated helix followed by fibrils. However the morphology of cells treated with LMW remained in normal state similar to control cells (treated with buffer). Scale bar represents 100 micron. (E) The calcein and EthD-1 staining showing defective morphology with damages of cell body/neuritis of cell treated with helix-rich intermediate. Cells treated with either LMW or buffer control showed no significant of cell death/defective cell morphology. Scale bar represents 200 micron. (F) The flow cytometry analysis showing that induction of early apoptosis by cells treated with helix-rich state. The cells treated with matured fibrils and LMW samples did not show significant toxicity. Buffer was used as a control. Quadrants Q1, Q2, Q3 and Q4 represent dead cells, late apoptotic/necrotic cells, live cells and early apoptotic cells, respectively.](srep09228-f10){#f10}
